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Abstract 
Wavefront aberration caused by spatial developing compressible mixing layer is simulated and wavefront fitting is used to 
analyze the characteristic of the aberration. The spatial scales of the wavefront aberration are analyzed by comparing the 
coefficients of Zernike polynomials and related to the scales of the structure in the mixing layer. The results show that 
wavefront fitting is valid to indicate the characteristic of wavefront distortion and the vortex structures affect wavefront 
aberration greatly. 
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Nomenclature 
u velocity(m/s) 
ȡ density(kg/m3) 
n refractive index 
Ȧ vorticity 
OPD optical path difference 
a fitting coefficients
Subscripts 
1 upper flow 
2 lower flow 
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1. Introduction  
Aero-optics is the science to study the influence of aerodynamics on the optical transmission and imaging[1]. 
The transmission of a collimated beam of light through a turbulent, variable index-of-refraction flow produces a 
time-varying wavefront aberration and these aberrations lead to imaging distortion such as boresight error, blur 
and jitter. These phenomena are called aero-optical effects. The study of aero-optical effects in high speed 
turbulent flow field, which is exploring the relation between the mechanism of the fluid and the characteristic of 
the optical distortion, is benefit to comprehend the mechanism of turbulence and is important to improve the 
accuracy of the infrared seeker and the performance of laser weapons. In the study of aero-optics, method to 
simulate optical transmission has been established to obtain the optical distortion[2,3], but the analysis of optical 
distortion is lacked. Therefore, it is difficult to relate the mechanism of fluid and the characteristic of optical 
distortion quantitatively. 
This paper armed at studying the influence of characteristic structures on the optical distortion in compressible 
mixing layer based on CFD method and wavefront fitting. Large eddy simulation of spatial developing 
compressible mixing layer has been performed with high-order accurate compact schemes. The wavefront 
aberration is computed by geometry ray tracing method. The incoming ray is along the normal direction of the 
mixing layer. The wavefront aberration in the mixing layer is analyzed by the wavefront fitting method which is 
based on Zernike polynomials. The characteristic of wavefront aberration at the different stage of the flow field is 
presented by the compare of the Zernike polynomials coefficients. 
2. Large eddy simulation 
Filtered Navier-Stokes equations are solved for spatial developing compressible mixing layer to provide the 
density distribution. The large-scales are computed directly with Favre filtered Navier-Stocks equations and 
small-scales are computed with the subgrid-scales model. In this paper Smagorinsky model is chosen as the 
subgrid-scales model, which is simple and with good robustness. 
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(1) 
whereȡ,p,ui,ȝ,ȝtstand for density, pressure, velocity component, kinematic viscosity and turbulent kinematic 
viscosity. 
High-order accurate compact schemes are used in the discretization to compute the high wave number 
scales[4,5]. The viscous terms of the equations are discretized with the sixth order accurate symmetrical compact 
difference method, 
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The convection terms are discretized with the fifth order accurate upwind compact difference method, 
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(3) 
Three stage Runge-Kutta method is used in advance of time. 
The initial conditions consist of a parallel mean flow with a hyperbolic tangent profile plus perturbation of the 
velocity components[6]. Initial perturbations of the velocity are the most unstable wave obtained for linear 
instability analysis. 
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(4) 
whereU1,U2 correspond to the upper and lower undisturbed velocity components. 
Non-reflecting conditions are applied at the upper/lower part of the domain and at the outlet, in order to avoid 
the confinement of the mixing layer. So we expect that the structures within the mixing layer can freely grow as 
they are convected downstream. The periodic boundary condition is used in the spanwise direction. 
3. Wavefront aberration and fitting 
The refractive index according to the Gladstone-Dale relation is given by 
( , , , ) 1 ( , , , )GDn x y z t K x y z t  U ġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġ(5) 
wheren is the refractive index and KGDis the Gladstone-Dale constant. This relation represents a good 
approximation for gases over a wide range of pressures. 
The optical path length (OPL) provides the phase aberration of an initial planar wavefront (Fig.1).  
 
Fig.1.Sketch map of incoming wavefront 
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For small distances, such as a mixing layer, ray bending itself may be neglected. The OPL is approximated as[7] 
OPL ndy ³ ġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġ(6) 
A simple measure of wavefront aberration is the optical path difference (OPD), which is the difference in OPL 
relative to the mean over the aperture 
meanOPD OPL OPL  ġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġ(7) 
The wavefront aberration is analyzed by the wavefront fitting method. Zernike polynomials are particularly 
attractive for their unique properties over a circular aperture. Firstly, Zernike polynomials are a set of orthogonal 
polynomials defined on a unit circle. Secondly, Zernike polynomials are related to the classical aberrations and 
thus provide a convenient mathematical expression of the aberration content in a wavefront using familiar terms. 
Lastly, Zernike polynomials are corresponding to the scales of the wavefront aberration.  
Zernike polynomials are defined in polar coordinates by[8,9] 
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(8) 
wherer is the radius and ș is the polar angle. The value of n and m are always integers and satisfy m  n, and n - 
m=even.  
Let the computed quantityĳi be expressed in terms of Zernike polynomials as 
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whereak is the expansion coefficients, N is the number of expansion terms, Mis the number of discrete point for 
the wavefront. This equation may be written in a matrix form, 
Za=) ġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġ(10) 
In general, it represents an overdetermined system of equations, wherein there are more equations(M) than 
unknowns(N). These expansion coefficients may be chosen to give the best fit toɎ in the least-squares sense over 
the aperture. 
  -1T Ta Z Z Z ) ġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġ(11) 
4. Results 
The convective Mach number of the plane mixing layer is 0.4. The upper flow at Ma1=1.6 and the lower flow 
at Ma2=0.8. The Reynolds number Re=ȡ1U1įȦ/ȝ1=600, whereįȦis the initial vorticity thickness.  
The transition from laminar to turbulence is simulated successfully shown as Figure 2. The density isosurfaces 
show the process that large scales develop from two dimensions to three dimensions. At the beginning stage of 
transition the Kelvin-Helmholtz unstable waves develop and spanwise rollers are formed. At later stage of 
transition and fully turbulent flow K-H rollers bend and break to small scale structures(Fig.3). 
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Fig.2.Density iossurface 
 
Fig.3.Vorticityiossurface (Ȧz=-0.085,-0.35) 
Figure 4 presents the OPD contour map when the aperture at different streamwise positions such as the 
beginning/later stage of transition and fully turbulent flow. Zernike coefficients for these OPD are shown in 
Figure 5(the piston is removed). 
(a)      (b)      (c)  
Fig.4. Optical path difference for (a) beginning stage of transition, (b) later stage of transition and (c) fully turbulence 
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Fig.5. Zernike coefficients for (a) beginning stage of transition, (b) later stage of transition and (c) fully turbulence 
At the beginning stage of transition the low order fitting coefficients are much larger than the high order fitting 
coefficients and the fitting coefficients relating to the spanwisewavefront aberration are very small, which indicate 
that the wavefront aberration presents as large scale and amplitude undulation. The reason is that the Kelvin-
Helmholtz unstable waves develop and spanwise rollers are formed. At later stage of transition and fully turbulent 
flow the high order fitting coefficients increase till all the fitting coefficients nearly equivalent, which indicate that 
the wavefront aberration presents as small scale and amplitude undulation. The reason is that K-H rollers bend and 
break to small scale structures. The analysis show that the flow structures scales and distribution dominate the 
characteristic of the optical distortion. 
5. Conclusion 
Wavefront aberration in spatial developing compressible mixing layer is simulated. Zernike polynomials are 
used in wavefront fitting to analyze the characteristic of the wavefront aberration. The spatial scales of the 
wavefront aberration are analyzed by comparing the coefficients of Zernike polynomials and related to the scales 
of the structure in the mixing layer. The results show that the vortex structures affect wavefront aberration greatly. 
This mechanism is helpful to explore the method to control or reduction the optical distortion in compressible 
mixing layer. 
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